The synthesis of prostanoids by the Sertoli cell was assessed as part of a study on the role of vitamin E in maintaining spermatogenesis. Analyses of eicosanoid synthesis from endogenous substrate were carried out using freshly isolated Sertoli-cell-enriched preparations from both pre-pubertal and adult rats fed purified diets with and without vitamin E, as well as cells carried in primary culture. Freshly isolated cells from both the immature and fully differentiated adult testes produced PGI2 (prostaglandin '2) and PGE2, but PGF2a was produced only by cells of the adult vitamin E-deficient rat. Cells from adult controls synthesized PGF2, after primary culture. In contrast with other hormone responses of this cell, which are refractory in the adult, FSH (follitropin) potentiated prostaglandin production by freshly isolated cells of both immature and adult rats. The FSH response of Sertoli cells from immature animals did not change after primary culture. Adult cells were refractory to the hormone after culture, but the total amounts of prostaglandins produced by these cells were 10-fold higher than by either freshly isolated or cells of the immature in culture. Analogues of cyclic AMP did not potentiate prostaglandin synthesis. However, mepacrine, a phospholipase inhibitor, blocked the FSH effect. The finding that Sertoli cells synthesize prostaglandins and FSH enhances prostaglandin production implicates a potential role for eicosanoids in spermatogenesis and suggests that vitamin E may affect intratesticular regulators.
INTRODUCTION
Sertoli cells, somatic cells of the testis which provide the structural framework of the seminiferous tubules and the milieu for germ-cell proliferation and differentiation, are target cells for FSH and androgen, hormones which regulate spermatogenesis. FSH-elicited events in the developing Sertoli cell include regulation of ion flux, the activity of certain enzymes, the synthesis of RNA, protein and steroids, as well as effects on cell mobility, communication and division [1] [2] [3] . These activities, stimulated by FSH in the immature rat, are refractory to the hormone in cells from the mature animal [2] .
PGs are known mediators of hormonal response, cell divisison and differentiation. Vitamin E is required for the maintenance of spermatogenesis by a variety of animal species [4] . When weanling rats are fed diets deficient in vitamin E, spermatogenesis is irreversibly impaired [5, 6] . Polyenoic fatty acids of the n6 family (the last double bond is six carbon atoms distant from the methyl end of the acid), potential biosynthetic precursors of prostaglandins and other eicosanoids, occur in high concentration in rat testicular tissue [7, 8] . The content of arachidonic acid and polyenes derived from this fatty acid in the fl-position of phospholipids increases in the rat testis during sexual maturation, and this developmental pattern is affected by vitamin E deficiency [9] . PGs are synthesized by the testis [10] . A pattern of increased synthesis of PGF2. by rat testis microsomes (microsomal fractions) reflects the sexual maturation of the animal [11] . The amounts of PGF2. synthesized are decreased in vitamin E deficiency, but there is no change in the sexual-maturation-dependent profile of this eicosanoid [12, 13] . During testicular maturation there are changes in the distribution of specific germ-cell populations and, in addition, the Sertoli cell becomes fully differentiated. Analyses of PG production by microsomes of testis limits evaluation of both the effect of specific cell types within the testis on the pattern observed and the cell type which is affected by vitamin E deficiency. Assessment of PG production by separated specific cell types of testis is necessary for such an evaluation.
The present study on Sertoli-cell PGs is an integral part of this assessment. The objective of the present study was to identify PGs synthesized by the Sertoli cell and to evaluate the potential effects of differentiation, dietary vitamin E and FSH on eicosanoid production. Neither the PGs produced by the Sertoli cell nor the effects of FSH on PG production by this cell have been previously reported. Analyses of PG synthesis from endogenous substrate were carried out using freshly isolated cells from both pre-pubertal and adult rats fed vitamin E-deficient or vitamin E-supplemented diets, as well on isolated cells carried in primary culture. Sertoli-cell-enriched testes induced by irradiation treatment. Pregnant animals were subjected to 125 rad of whole-body irradiation with a cobalt-60 source [14] . Male offspring were housed until weaned at 21 days with the mother, who was fed a commercial chow diet (Ralston Purina, St. Louis, MO, U.S.A.). Testes were decapsulated, gently dissociated, divided into quarters and incubated in Krebs-Ringer bicarbonate, pH 7.4, containing 1 % glucose. The media were isolated and PGs quantified by radioimmunoassay.
Freshly isolated Sertoli cells. Cells used shortly after preparation were isolated from testes of pre-pubertal (21-22-day-old), adult (12 weeks and older) and hypophysectomized rats, by following a published procedure [15] modified to include deoxyribonuclease (10,ug/ml per g of tissue) in the initial digestion with trypsin. To successfully isolate cells from adult testes, incubation times with the above enzymes and with collagenase were increased. After a recovery period of 45 min at 4 0C, aliquots of the cells were removed for study. To label lipid pools, cells were preincubated for 60 min with [1 -14C]C22:4 (0.1 1sCi/ 106 cells). Indomethacin (10-50 ,ug/ml of reaction system), an irreversible inhibitor of the PG synthase cyclo-oxygenase activity, was added in ethanol. Ethanol itself at the final concentration of < 10% had no effect on PG production.
Cell purity was routinely evaluated by phase-contrast microscopy on the basis of the typical size, epithelial morphology and lipid-droplet inclusions ascribed to the Sertoli cell [16] . Identifications were verified by electron microscopy of selected samples. [19] and phosphorylation of intracellular proteins [20] . Culture media were collected after 3 or 24 h of incubation after a media change and stored at -20°u ntil analysed for PGs. The protein content of the cell pellet was determined by the method of Lowry et al. [21] , with bovine serum albumin (Fraction V) as a standard.
Treatment of animals. Hypophysectomy was performed in 28-day-old rats maintained on the chow diet. Before Sertoli-cell isolation, the rats were treated with rat FSH (7-10,tg), intraperitoneally, twice daily for 48 h or with the vehicle control (0.1 % albumin in 0.9 o NaCI).
Sertoli cells were also isolated from animals fed the semipurified-vitamin E-deficient and control diets for 4-6 months. Male pups, when 5 days old, were housed in groups of six to eight with a lactating mother who was fed either the purified diet without vitamin E or the same diet supplemented with 60 mg ofa-tocopherol acetate/kg of diet. The diets, fed for the duration of the study, had the following overall composition: 20% vitamin-free casein, 62% carbohydrate (sucrose plus cornstarch), 6% fat (3% stripped lard plus 3% cod liver oil), essential trace minerals [22] , ZnCO3 (1.6 g/kg of mineral mix), vitamin mix (without vitamin E) and 8% fibre (Alphacel). This diet supports good growth in the rat and results in testicular degeneration when fed without added vitamin E [9] . All diets were fed ad libitum. The animals had free access to water and were housed using a 12 h light/ 12 h dark schedule in our fully accredited animal facility. Eicosanoid production by Sertoli cells
Freshly isolated cells [(0.5-2.0) x 106] were incubated in 2 ml of Krebs-Ringer bicarbonate with 0.1 % glucose, pH 7.4, then acidified to pH 3.5 with citric acid (0.1 ml, 1.5 M). The cells were pelleted and 1000 c.p.m. of
[3H]PGF1a added to monitor recovery. For cultured cells, the media were decanted and assayed directly for PGF2. and the stable breakdown product of PGI2, 6-oxo-PGFia. PGE2 was quantified as PGB2 after extraction and alkaline isomerization. PGH2 metabolism was studied by using cell homogenates which were either preincubated for 5 min at 34°C or heat-inactivated before the addition of 12000 c.p.m. of [1-14C]PGH2. After citrate acidification, PGs were extracted with ethyl acetate. The extract was washed until neutral and the organic phase dried under N2 and applied to a small silicic acid (0.5 g) column. PGs were eluted with benzene/ethyl acetate/methanol (3:2: 1 and 30: 20: 1, by vol.) [23] . Routine recoveries were 75%.
PG quantification
PGs were quantified by radioimmunoassay using conditions for each antiserum giving a linear standard curve in the 25-500 pg range. The values represent two different volumes of sample assayed in duplicate and yielding a dose response in the range of the standard curve. The values agreed within 2 S.D., and the within-and between-assay coefficients of variation were < 5% and < 10% respectively.
The specificity of the PG antisera were as follows:
antiserum to PGF2 cross-reacted 30% with PGF1a, 15%0 with 6-oxo-PGE1, 30% with 13,14-dihydro-PGF2L
and 100 with PGF2fl, PGA1, PGB2, PGB1, PGE2, PGE1, Sertoli ceUs of adult rats. The differentiation of the Sertoli cell is reflected by age-dependent changes in the regulation of intracellular events [2] . Sertoli cells from both normal adults and those from vitamin E-deficient testes produce PGs (Table 1) . Sertoli cells from the adult vitamin E-deficient testis produce PGF2.Z, in direct contrast with cells from gonads of either the immature or adult rat control. Concentrations of PGE2 are similar to those from the immature rats on the basis of cell number, but only about one-third on the basis of cell protein.
There are conflicting reports on Sertoli-cell protein/cellnumber changes which accompany differentiation [16, 28] . Our analyses show that the number of cells/mg of protein is higher for the immature (8.38 + 0 69, n = 7) than for the adult (3.24+0.52, n = 12) and that the amount of protein (mg) per 106 cells is thus lower in the Vol. 241 [28] . The value, mg of Table 2 . FSH stimulation of prostaglandin production of freshly isolated Sertoli cells Table 4 . Prostaglandin production by Sertoli cells from hypophysectomized rats Sertoli cells were isolated from 68-day-old rats that had been hypophysectomized at 28 days and either treated, before being killed, intraperitoneally with FSH for 2 days (10 ,ug, twice daily) ('FSH-treated'), or with 0.1 % bovine serum albumin ('untreated control'). Incubations were carried out for 60 min at 34°C using 0.5 x 106 freshly isolated cells (0.125 ,Cg of protein), with additions of rat FSH (rFSH), indomethacin (50,g/ml) or mepacrine (0.3 mM). Media were extracted and PGs assayed by radioimmunoassay. Values represent means+S.E.M. for two aliquots of sample (analysed in duplicate) from a representative experiment. ND indicates no detectable PG. Significance: aStatistically significant (P < 0.01) from reaction system with no additions; bstatistically significant (P < 0.01) from reaction system with addition of 0.5 ,ug of FSH; cstatistically significant (P < 0.01) from reaction system with addition of 5 ,ug of FSH; duntreated control compared with FSH-treated, P < 0.05. [32] .
Validation of PGE2 produced by adult control cells is also nearly quantitative, but is not for cells from the vitamin E-deficient rat (40-50%O) , in which the PGE2 fraction has compounds more polar than PGs. Significantly more PGF2a is recovered from the media of vitamin E-deficient cultures than from the control. The PGF-silicic acid column effluents of adult cells contain products which partition on t.l.c. with RF values similar to those of lipoxygenase products.
These products, more polar than PGs, include materials which are immunoreactive with LT and HETE antisera. LT 
DISCUSSION
Synthesis of PGs from endogenous substrate by the Sertoli cell is enhanced by FSH and affected by the differentiation of the cell and by dietary vitamin E. The PG profile of a cell reflects both substrate availability and the activity of eicosanoid-metabolizing enzymes. Potential biosynthetic precursors of eicosanoids, C20:4 and C22 polyenes, comprise almost 30%O of the total fatty acids of the Sertoli cell [33, 34] [35, 36] , but not all, tissues [35, 37] . PG synthesis by the Sertoli cell reflects active phospholipases, PG synthase and PGH2-converting enzymes (PGI2 synthase, PGE isomerase and PG reductase).
PGF2a is solely a product of the adult Sertoli cell. Differentiation could affect expression of a reductase. Both PGE 9-oxoreductase [38] and PGH2-PGD2 11-oxoreductase [39] synthesize PGF2a. Rat testis has a very active PGE 9-oxoreductase, with maximal activity in the pre-pubertal testis [40] [42] and human monocytes [43] . Sertoli-cell-germ-cell interactions may be facilitiated in a milieu of degenerating germ cells. Co-culture of germ cells with Sertoli cells stimulates DNA and RNA synthesis [44] and leucine metabolism [45] . Co-culture with peritubular cells results in transfer of RNA to the Sertoli cell [46] . Cell-cell contact, transmission of chemical messengers and phagocytosis may stimulate PGF2. synthesis.
The effect of dietary tocopherol on Sertoli-cell PG synthesis appears as a shift in the species of products synthesized. Observed dietary effects of vitamin E deficiency on eicosanoid production include both decreased [12, 47, 48] and increased [49] synthesis as compared with controls. In vitro, vitamin E prolongs the viability of cultured Leydig cells and decreases the release of PGE2 and PGF2Z [50] . The mechanisms by which vitamin E effects these changes are not clear. Vitamin E is a membrane component believed to stabilize membranes, decrease their fluidity and serve as an intracellular antioxidant. Several steps in the pathways of C20:4 oxygenation are potential sites for antioxidant action. Dioxygenation and cyclization of C20:4 to the endoperoxide, PGG2, proceeds by a free-radical process, as does the subsequent peroxidase conversion into PGH2. Lipid hydroperoxides are implicated in the regulation of PG synthase, PGI2 synthase, and lipoxygenases [51] . Differences in the PG profiles of cells from control and vitamin E-deficient rats may indicate an effect of vitamin E on intracellular peroxides and peroxide tone rather than PG synthase, as the total amounts of PGs produced are similar.
PG synthesis is effectively inhibited by indomethacin in cells of the control; this is not the case for the cells from the adult, vitamin E-deficient, testes. Products occur which do not conform with PG standards, including LT and other lipoxygenase metabolites. The identity of these products is uncertain, as the LT antiserum used is not selective for the various 6-sulphidopeptide LTs [25] , and the 12-HETE antiserum reacts (3-5 %) with other HETEs and LTB4 [24] . Both Sertoli-cell LTs and HETEs are enhanced by addition of ionophore A23 187; 5-lipoxygenase, a cytosolic Ca2+-dependent enzyme, requires a low level of peroxide for activity and is inactivated at higher peroxide concentration [52] . LT synthesis may reflect the activity of a testicular microsomal lipoxygenase [53] and the high y-glutamyl transpeptidase activity of the Sertoli cell [54] . Both 1 5-lipoxygenase [55] and 5-lipoxygenase [56] are inhibited by addition of vitamin E in vitro. Lipoxygenase activity has been implicated in the sperm acrosome reaction and lutropin-stimulated steroidogenesis in rat Leydig cells [57] . Both rat tumour and testicular Leydig cells produce LTB4 [58] . LTs, products characteristic of cells of the immune system, are produced by both the Leydig and Sertoli cells of the testis.
The more-than-10-fold increase in the total amounts of PGs produced by cells from adults than by either freshly isolated adult cells or cells cultured from immature rats may reflect enhanced phospholipase activity, changes in membrane physical properties or increased activities of eicosanoid-synthesizing enzymes.
Vol. 241 A critical rate-limiting step for PG synthesis is the availability of substrate. Insulin, retinol and testosterone in the culture medium [59] [61] . FSH effects on spermatogenesis are postulated to be mediated via stimulation of adenylate cyclase, cyclic AMP-dependent protein kinase and other events before these activities become constitutive in the adult Sertoli cell [2] . The PG response of immature cells to FSH is not affected by culture, is discernible after relatively short-term exposure to FSH and is observed in cells from hypophysectomized rats, in apparent agreement with FSH responses correlated with cyclic AMP. In contrast, neither of the analogues of cyclic AMP (8-bromo cyclic AMP or dibutyryl cyclic AMP) affect PG synthesis.
The FSH response is, however, blocked by mepacrine, which inhibits both phospholipases A2 [62, 63] , and C [64] . By interacting with membrane phospholipid, mepacrine may perturb membrane structure [65] . Mepacrine has little effect on basal PG synthesis, but does inhibit FSH-stimulated synthesis. Activation of specific hormone-sensitive pools of C20:4 [66, 67] may explain the differences in FSH concentrations which enhance PGE2 and PGI2. Higher doses of FSH are required to augment cyclic AMP than for aromatase activity or androgen-binding protein secretion by Sertoli cells [29] . Agonist-induced eicosanoid synthesis is linked to inositol trisphosphate and diacylglycerol as second messengers [68] . The latter mobilizes intracellular Ca2 , and diacylglycerol activates protein kinase C. Protein kinase C activity has been described for freshly isolated Sertoli cells [69] as well as in primary cultures from adult animals [20] . Polyphosphatidylinositol turnover, release of Ca2+ and diacylglycerol and activation of calmodulin and phospholipid-dependent protein kinases may occur in Sertoli cells of both immature and adult animals in response to FSH stimulation.
The loss of FSH responsiveness of adult cultured cells appears to reflect primary culture conditions. Lack of response to FSH in adult Sertoli cells is not due to a decrease in the number of receptors. A variety of receptor agonists stimulate membrane turnover of phosphatidylinositols, but have little effect on cyclic AMP. FSH may be acting via an a-adrenergic response which remains functionally intact in the differentiated Sertoli cell, in contrast with the fl-receptor-like response coupled with adenylate cyclase, which is refractory to FSH in the adult cell [2] . ,-Adrenergic receptors have been identified in immature Sertoli cells [70] . That immature Sertoli cells may acquire such FSH-responsive fl-receptors during culture, and that these receptors are not detectable in adult seminiferous tubules [71] an inverse manner and reciprocal manner by changes in phospholipase activity and is dependent on synthesis of a prostanoid [72] . FSH-stimulated PG production suggests activation of phospholipases. The lack of effect of FSH in the adult Sertoli cell after culture is accompanied by enhanced PG synthesis, which may represent fully activated phospholipase no longer responsive to the hormone.
The finding that Sertoli cells synthesize PGs and FSH potentiates PG production implicates a role for eicosanoids in spermatogenesis. PGE2 and PGI2 are potent activators of adenylate cyclase. PGs stimulate Sertoli-cell cyclic AMP production [73] . Since PGs function proximal to the site of synthesis, they may influence adenylate cyclase of neighbouring germ cells. Activators of germ-cell adenylate cyclase have not been characterized [74] . Sertoli-cell production of PGF2, may be part of a feedback loop to signal germ-cell development.
PGF2, has been implicated in stimulating cell proliferation [75] and differentiation [76] . The effect of vitamin E on spermatogenesis may reflect changes in membrane organization, peroxide tone and the generation of eicosanoids, potential intratesticular regulators of gametogenesis.
